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Abstract 
In this research, multi-walled carbon nanotubes buckypaper have been incorporated into three-ply glass fiber/epoxy laminated 
composites to form hybrid composites. Two different type of MWCNT buckypaper have been incorporated into glass fiber/epoxy 
laminated composites. The buckypaper incorporated were either in form of free-standing MWCNT buckypaper (CNTBP) or 
MWCNT buckypaper/epoxy (CNTBPE). The effect of the incorporation of the buckypaper in the hybrid composites have been 
compared to three-ply and four-ply glass fiber/epoxy laminated composites. It was found that CNTBPE sample exhibits 50 % and 
30 % higher flexural strength compared to three-ply glass fiber composite and four-ply glass fiber composite, respectively. 
Specific strength and specific modulus of the CNTBPE samples reached up to64.03 MPa/gcm-3and 6.43GPa/gcm-3, respectively. 
The specific strength and modulus of CNTBPE is 70 and 30 %, respectively higher compared to 3GF. This showed that 
incorporation of MWCNTBP/epoxy in the glass fiber composite system promotes the fabrication of lightweight structures with 
better flexural strength properties. 
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1. Introduction 
Lightweight structures have become necessities for vehicles industry as an effort to reduce energy 
consumption1. Polymer matrix composites (PMC) have been widely used in primary automotive with 
composite materials. One of the most popular fiber reinforcement in PMC is fiberglass1. To further reduce the 
weight of the vehicles, hybrid composites have been introduced.  Hybrid composites or three-phase composites 
are already known to industries as these composites possess enhanced mechanical and thermal properties over 
the monolithic materials. These hybrid composites have been fabricated via various methods using different 
combination of reinforcing materials. Hybrids composites are usually fabricated by hand lay-up technique2, 
resin transfer molding3,4, pultrusion5 and others. Several studies have been performed to incorporate 
nanofillers, specifically carbon nanotubes (CNT) into the fiber reinforced polymer composites6-9. However, 
developments of hybrid composites with CNTs are depending on the capability to form homogeneous CNT 
dispersion in the polymer matrix as well as creating strong interfacia l CNT-matrix interaction10. 
CNT buckypapers (CNT BP) or CNT skeleton have been introduced to overcome the agglomeration 
problems in the dispersion of CNT11. Buckypapers are films with paper-like morphology12 made of self-
supporting network of entangled CNTs. The CNTs in this buckypaper are held together in a random manner by 
van der Waals interaction at the tube-tube junctions13,14.Nanocomposites made of these CNT BPs are used in 
filtration devices, capacitors and other electronic devices13,15. However, incorporation of this skeleton into 
woven laminated composites was limited. Therefore, this research is performed to observe the effect of multi-
walled CNT BP (MWCNT BP) and MWCNT BP/epoxy on the properties of fiberglass/epoxy laminated 
composites. 
MWCNT BPs utilized in this study were prepared by vacuum filtration method. In this research, two layers 
of MWCNT BP or MWCNT BP/epoxy were stacked between three layers of plain woven glass fiber by using 
hand lay-up and vacuum bagging technique. Composite samples with MWCNT BP are referred as CNTBP 
whereas samples with MWCNT BP/epoxy are referred as CNTBPE. The density, void contents and flexural 
properties of the hybrid composites prepared were compared with control samples of fiberglass/epoxy 




Multi-walled carbon nanotubes (MWCNT) with average outer diameter of 10 nm ± 1 nm and 1 – 10 nm length 
was purchased from Usains Holding, Universiti Sains Malaysia. The MWCNT with 80 % purity was synthesized by 
catalytic chemical vapor deposition process.  A surfactant, Triton X-100 was purchased from Fluka whereas 
Whatman, 90 mm diameter sized of nylon membrane filter with pore diameter of 45 μm was used during filtration 
process. Epoxy resin DER 332 as well as Polyetheramine D230 (hardener) were purchased from Penchem Industries 
Sdn. Bhd.  
2. 2 Method  
MWCNT BPs were prepared by vacuum filtration. 150 mg of MWCNT was mixed with 30 ml of Triton X-100 
solution (1 %) prior to ultrasonication. Then the mixture was ultrasonicated using ultrasonic probe at 50 % 
amplitude and 0.5 cycles for 30 minutes. The solution was immediately filtered through membrane filter at vacuum 
pressure of 30 kPa. The deposited MWCNT BP on the membrane filter then washed with deionized water in order to 
remove excessive surfactant. After that, the sample together with the membrane filter was left to dry in the oven at 
60 °C for about 15 to 20 minutes. The dried MWCNT BP was then peeled off and ready to be incorporated in the 
GF. 
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In preparation of MWCNT BP/epoxy, the predetermined amount of epoxy and hardener was first mixed. The 
amount of epoxy resin used to impregnate the MWCNT BP was fixed at 15vol %. The epoxy resin was then spread 
evenly on the transparency sheet. After that, the MWCNT BP was laid on top of the evenly spread epoxy resin. The 
sample was then covered with perforated plastic, breather ply and finally vacuum bag. Then the vacuum bagging 
procedure was performed for about 45 minutes to impregnate the epoxy resin throughout the MWCNT BP. The 
prepared sample was left overnight to dry. The curing process was carried out at 80 °C for 2 hours followed by post-
curing for 3 hours at temperature of 125 °C. The MWCNT BP/epoxy was ready to be incorporated in the GF. 
(MWCNTBP/epoxy)/GF/epoxy (referred as CNTBPE) was prepared by the same technique as mentioned 
above. Another25vol % of epoxy was used to fabricate a laminated composite. Adequate amount of epoxy was 
spread evenly on top of the transparency sheet. Then GF was laid on top of the resin. Roller was used to roll-over 
the GF so that the GF was laid flat and the resin could wet the GF uniformly. Same processes were repeated for each 
layer. The GF and MWCNT BP/epoxy were alternately laid on top of the resin. The final layer of GF was then 
spread with epoxy resin and then the sample was then consolidated via vacuum bagging. The curing and post-curing 
were performed at similar time and duration as mention in previous. The same procedure was repeated in 
preparation of MWCNT BP/GF/epoxy using a total 40 vol % of epoxy resin. This sample is referred as CNTBP. The 
samples prepared were cut accordingly and characterized for density, void content and flexural test. Control samples 
of 3GF and 4GF were also fabricated using similar method with epoxy resin fixed at 40 vol %. Fig. 1. shows the 
schematic diagram of the fabrication procedure for CNTBPE and CNTBP samples. 
 
 
Fig. 1. Schematic diagram of the fabrication procedure for CNTBPE and CNTBP samples. 
2. 3 Characterization 
The density of the sample was measured according ASTM D792. In this method, the densities of five specimens 
were obtained by applying Archimedes’s Principle. The average density of the sample was then calculated. On the 
other hand, the void content of the sample was determined according to ASTM D 2734-97. The theoretical density 
of the samples was obtained via matrix burning off method in accordance with ASTM D2584. The difference 
between the theoretical densities compared to actual densities (ASTM D792) was calculated. The ratio of the 
difference between the actual density and the theoretical density, to the theoretical density is referred as void 
content. The flexural properties of the samples were determined according to ASTM D3039. Ten specimens with 
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dimension of 60 mm x 13 mm x t mm were tested by using INSTRON 5982 aided with Bluehill 2 software. The 
span of each specimen is fixed at 34 mm so that the ratio of span-to-depth ratio was more than 16:1. The flexural 
test was performed with cross head speed of set at 2 mm/min. The fractured surfaces of the composite samples were 
observed using scanning electron microscopy (SEM). 
3. Results 
3.1. Density and void content 
Table 1 shows the density and void content of the composite samples. The density of 3GF and 4GF are expected 
to be similar as both composite systems consist of 60 vol % of fiber and 40 vol % of epoxy resin. However due to 
higher void contents presence in 3GF compared to 4GF composites caused the 3GF composite to have lower density 
in comparison to 4 GF. Hybrid composite samples of CNTBP and CNTBPE showed a lower density value compared 
to 3GF and 4GF. Even though the epoxy content in the hybrid composites are similar to the 3GF and 4GF, the fiber 
content in the hybrid system was reduced by 2.8 vol % due to addition of buckypaper (2.8 vol % MWCNT content). 
As the density of the MWCNT in the buckypaper is lower than the density of glass fiber, addition of 2.8 vol % of 
MWCNT in form of buckypaper caused reduction in the density of the composite. Amount of MWCNT in both 
hybrid composites of CNTBP and CNTBPE samples were 2.8 vol %. Similar amount of filler loading, fiber 
reinforcement as well as epoxy matrix results in similar density. Therefore, CNTBP and CNTBPE possessed similar 
density. CNTBP was found to have the highest void content compared to other composite samples. The voids 
formation in the composite might be due to failure of the epoxy to impregnate through the MWCNTBP during 
composite fabrication process. The presence of voids which is normally existing in between laminates may affect 
the composite performance.  




3.2. Flexural test 
Fig. 2. shows the flexural properties of the 3-ply hybrid composites, 3GF and 4GF composites. It is observed that 
flexural modulus of the CNTBP and CNTBPE samples were increased up to 13 % when compared to 3GF but were 
8 % lower when compared to 4GF. On the other hand, CNTBP and CNTBPE possessed flexural strength 20 and 50 
%, respectively higher than flexural strength of 3GF. For CNTBPE, the flexural strength was 30 % higher than 4GF. 
Such increment occurred due to the presence of MWCNT. MWCNT provides a better load transfer from epoxy 
towards GF reinforcement thus promoting an even distribution of forces throughout the whole composite system8,9 
Comparing the samples between CNTBP and CNTBPE, it was found that CNTBP possessed lower flexural strength. 
This observation might be due to inefficient epoxy impregnation through the MWCNT BP during vacuum bagging 
procedure and thus creating voids. The voids hinder uniform stress distribution from the brittle matrix to the strong 
fiber reinforcement. The presence of voids in the composite creates weak bonding between the fibers or fillers and 
thus reduced the strength and stiffness of the composite16. Besides that, inefficient epoxy impregnation creates 
regions that have weak buckypaper-matrix interface. As CNTBP samples were made of free-standing MWCNT BP, 
the weakly bonded MWCNTs inside the buckypaper create weak regions in the composite. Therefore, CNTBP 
sample possessed lower flexural strength as compared to CNTBPE. 
Composite Samples Density (g/cm3) Void Content (%) 
3GF 1.97 2.91 
4 GF 1.99 1.65 
CNTBP 1.74 5.64 
CNTBPE 1.75 5.33 
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Fig. 2. Flexural strength and flexural modulus of composite samples of CNTBP and CNTBPE in compared to control samples, 3GF and 4GF. 
Fig. 3 shows the fracture surface of CNTBP sample. Referring to Figure 3 (a) and (b), it seems that the load 
applied to the composite caused fiber breakage. The crack in the glass fiber was observed propagated along the 
fiber-matrix interface region as shown in Figure 3 (d). The cracks that propagated further along the epoxy-MWCNT 
BP interface results in failure of the composite system. The MWCNTs were weakly bonded together to form the 
MWCNT network in the buckypaper. The stress distributed in buckypaper caused buckypaper to break as showed in 
Figure 3(c).    
 
Fig.3. Fracture surface of CNTBP sample; (a) overall fracture surface at 25 x magnification; (b) fiber broken in the composites at 100 x 
magnification; (c) failure in the matrix-MWCNTBP interface at 5K x magnification; (d) cracks in the fiber propagated along the fiber-matrix 
interface at 1K x magnification. 
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Fig. 4. shows the fracture surface of CNTBPE composite. As expected, the failure in the composite such as 
broken fiber and cracks propagation (as shown in Figure (a), (b), and (d)) occurred in a similar way as experienced 
by the CNTBP samples. However, a rough crack between the unfilled epoxy matrix and MWCNT BP/epoxy was 
found in the composite as shown in Figure 4 (c). This indicates a strong adhesion between the unfilled epoxy matrix 
and MWCNT BP. The strong adhesion might be promoted by the rough surface of MWCNT BP/epoxy and explains 
the increment of flexural strength in CNTBPE as compared to CNTBP samples. This showed that the strength of 
materials is affected by the particles-matrix interface adhesion and incorporation of MWCNT in form of buckypaper 
has the ability to strengthen the composites. 
 
 
Fig. 4. Fracture  surface of CNTBPE sample; (a) overall fracture surface at 25 x magnification; (b) fiber broken in the composites at 100 x 
magnification; (c) failure in the matrix-MWCNTBP interface at 5K x magnification; (d) cracks in the fiber propagated along the fiber-matrix 
interface at 1K x magnification. 
  
Fig. 5. demonstrates the stress-strain curves of the control samples and hybrid composites of CNTBP and 
CTNBPE. 4GF seems to be stiffer compared to 3GF samples. Even though the vol % of fiber for both samples were 
fixed at 60 %, sample with 3-ply glass fiber are more flexible compared to 4GF due to the reduction in the thickness 
of the sample. The flexibility of the laminated samples is indirectly proportional to the thickness of the sample. Both 
CNTBP and CNTBPE possessed similar trends as 3GF sample. CNTBPE seems to be more flexible compared to the 
other composite samples and possessed the highest strength due to incorporation of buckypaper. This shows that the 
MWCNT helps to transfer load evenly throughout the matrix and the whole composite. Table 2 shows the specific 
strength and specific modulus of the control samples as well as CNTBP and CNTBPE composites. Based on Table 
2, CNTBP sample possessed the highest specific strength and specific modulus compared to other samples. 
CNTBPE possessed the highest specific strength due to its lower densities and high flexural strength compared to 
3GF and 4GF composites17. 
 










Fig. 5. Stress-strain curve of control samples (3GF and 4GF) and hybrid composites of CNTBP and CBTBPE 







MWCNT BPs have been successfully incorporated in the GF/epoxy laminated composites by using hand 
lay-up and vacuum bagging techniques. Though incorporation of the buckypaper increased the flexural 
strength, however the type of MWCNT BP incorporated in the composite system affect the overall flexural 
properties. The incorporation of MWCNT BP which has been impregnated with epoxy into 3GF composites 
(CNTBPE) results in 60 % and 40 % increment of the flexural strength compared to 3 GF and 4 GF 
composites, respectively. Besides, CNTBPE exhibits the highest specific strength and specific modulus 
compared to all samples. This showed that incorporation of MWCNT/epoxy into glass fiber/epoxy laminates 
composites produced lightweight structure with better flexural strength properties.  
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